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The LHC experiments have analyzed the 7 and 8 TeV LHC data in the main Higgs production 



CN and decay modes. Current analyses only loosely constrain an anomalous top-Higgs coupling in 

^ a direct way. In order to strongly constrain this coupling, the Higgs-top associated production 

T-H is reanalyzed. Thanks to the strong destructive interference in the t-channel for standard 

Tj- model couplings, this process can be very sensitive to both the magnitude and the sign of a 

O non-standard top-Higgs coupling. We project the sensitivity to anomalous couplings to the 

^H integrated luminosity of 50fb~^, corresponding to the data collected by the ATLAS and CMS 

jj^ experiments in 7 and 8 TeV collisions, as of 2012. We show that, by analyzing events from 

'yTu different combinations of the top and Higgs decay modes, it is possible to directly constrain 

j_] a large portion of the negative top-Higgs couphng space presently allowed by the ATLAS and 

^ CMS global fits. 



^On leave of absence from Dipart. di Fisica, Universita di Trieste, Strada Costiera 11, 1-34151 Trieste, Italy. 



1 Introduction 

The discovery of a Higgs-like resonance at the LHC [U E] has started up a new phase in the 
experimental exploration of the electroweak symmetry-breaking (EWSB) mechanism of the 
standard model (SM). The observed resonance is, within present experimental errors, well 
compatible with the minimal structure of a Higgs sector. Nevertheless, the determination of 
different properties of the new particle with increasing precision in the next years of the LHC 
running is expected to be a powerful mean to explore what could be beyond the SM description 
of fundamental interactions. In particular, on the one hand, deviations in the new-particle 
couplings to the electroweak vector bosons V = W,Z would require further degrees of freedom 
to keep the VV scattering unitary. On the other hand, anomalies in the Yukawa couplings to 
matter fields could possibly point to a non-standard mechanism for the generation of quark 
and charged-lepton masses. 

With the present moderate statistics collected at 7 and 8 TeV (~ 25 fb~^ per experiment), 
where the main analyses are based on the H — )■ jj, ZZ*,WW* signatures, global fits for the 
Higgs-like particle couplings are made under simplified assumptions [31 HJ [5] . Similar strategies 
are followed in Higgs analysis at Tevatron, based on ~ 10 fb~^ in pp collisions at 1.96 TeV |6]. 
In particular, one can assume a universal scale factor Cf (either positive or negative) for the 
Higgs Yukawa couplings to all fermion species /, 

y> = c^F/^^ (1) 

(where Y^^ = rrif/v is the SM Yukawa coupling and v = {H) is the Higgs vacuum expectation 
value )r| and a universal (according to custodial symmetry) coupling scale factor Cy to W and 
Z bosons, 

Cv = gnww/gHww = dHzz/guzz ■ (2) 

The ATLAS and CMS two-dimensional fits are both compatible within 2 a with a SM coupling 
setup Cv = Cf = 1 [H [5]. They are likewise compatible with a non-SM setup Cy — —Cf ~ 1. 
The latter two solutions would be degenerate if it were not for the presence in the production 
rates of linear terms in Cy and Cf mainly associated to the if — )■ 77 decay width. The latter 
arise from the (destructive) interference of the top and W loop amplitudes contributing to the 
decay, and tend to move the second minimum of the {Cv-, Cf) likelihood function away from the 
Cv — —Cf ~ 1 region. It has initially been argued that resolving experimentally this ambiguity 
by improving the accuracy of the ATLAS and CMS fits will require a larger statistical sample 
than the present one [H [S] . More recently, global fits of Higgs couplings tend to disfavor the 
Cv — —Cf ~ 1 solution [9]. Nevertheless, the best-fit parameter values seem presently still 
quite sensitive to statistical fluctuations. 



^Note that in the SM, the spontaneous EWSB does not fix the overaU sign of the Yukawa couphngs, which 
can be rotated away by a chiral transformation of fermion fields. What is observable is the relative sign of the 
Yukawa coupling and the corresponding fermion mass term in the Lagrangian (predicted as positive in the SM) 
that is the quantity sign\Yf mf]. In the following, we set the sign of the fermion mass nif according to the 
standard notation of the free fermion Lagrangian, and refer to the sign of the Yukawa coupling with respect to 
the HWW coupling. 
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Figure 1: Feynman diagrams for the single-top plus Higgs associated production in the t-channel 
qb ^ tq'H at hadron colliders. Higgs radiation by the initial b-quark line is neglected. 



Alternative strategies aimed at excluding more directly the non-standard setup Cf c^ — Cy 
have been suggested. In [TOl [H], the associated production of a single top quark and a Higgs 
boson [I2]-[T1] was proposed as a direct probe of the relative sign of the Hit and HWW 
couplings at the LHC In particular, the t channel 

qb^tq'H (3) 

(where the jet originating from the final light quark tends to be at large rapidities) is remark- 
ably sensitive to a change in the Cj relative sign, because of the large destructive interference 
(proportional to ~ Yf mt) of the two dominant amplitudes of the process in the SM (Figure 
1) [I5]-[I7j. By flipping the Fj sign, the total production cross section for pp -^ tqH gets 
enhanced by a factor ~ 13 over the SM value of ~ 15 (72) fb at 8 (14) TeV (summing over t 
and t production )q leading to about 0.21 (0.89) pb, for Ct — —1 [10]. As a consequence, while 
a study of the pp -^ tqH process in the SM will need quite large integrated luminosities at 14 
TeV, the production rates for Ct — —Cy ~ — 1 can be large enough to start a direct exploration 
of the reversed Yt setup with the integrated luminosity already collected at 7 and 8 TeV. 

Note that a change in the Yukawa sign and/or absolute value with respect to its SM value 
would signal an origin of the fermion masses different from spontaneous EWSB, and spoil the 
unitarity and renormalizability of the theory [T^]. In particular, it was shown in [TT] that a 
change in the relative sign of the Higgs t and W couplings in the Wh — )■ tH process (the relevant 
subprocess of the qb ^ t q'H scattering) leads to a violation of the perturbative unitarity at 
a scale A ~ 10 TeV. This is well above the effective partonic cm. energies of the tH system 
involved in the qb ^ tq'H production at the LHC (which is at most ~ 1 TeV), and implies 
that a perturbative calculation of the g 6 — )■ t q'H cross section at the LHC collision energies 
can still be reliable. 

In order to assess the LHC potential for detecting an enhancement in the g 6 — )■ t q'H cross 
section, one can exploit different H and t-quark decay channels. As in the main Higgs search 
processes, considering non-strongly interacting decay products (like in if — )■ 77, £££'£', ££'vv' 
and t — )■ qq'b or t — )■ £vb) leads to a reduction in rates, which is more than compensated by the 
cleaner experimental signatures, that suffer from milder backgrounds. 

■^Note that NLO QCD corrections increase the SM cross sections by about 15% pTlllS) . 



All Higgs decay branching ratios (BR's) are quite affected by changes in the Yukawa sector. 
While the g 6 — )■ t q'H total cross section is sensitive to the Yukawa sector mostly through the 
t-quark coupling, the Higgs decay BR's are all sensibly affected also by possible changes in the 
magnitude of the Higgs couplings to lighter quarks and heavy leptons, notably Yj,, F^, Y^ 

For simplicity, and following the present experimental analysis |3|,|11|5], we will assume from 
now on either a universal scale factor Cf (varying in the range —1.5 ^ Cj ^ 1.5) for all fermion 
species /, or a scale factor Ct parametrizing the top Yukawa coupling, with Cf = l for all 
lighter fermionqj As for the HVV couplings, we will allow for a variation of a few 10% around 
the SM value Cy = I. 

In [lOj, a study of the potential of the qh ^ tq'H channel for revealing a non-standard 
Yukawa sign was made, exploiting the two-photon signature for the Higgs decay accompanied 
by hadronic top decays plus a forward jet 

g 6 — !■ tg'iJ— !■ (bqq) q 'j'j . (4) 

A parton-level simulation, including the main irreducible backgrounds, in the universal Cf 
hypothesis, found that at 14 TeV, for —1.5 ^ C/ ^ 0, an integrated luminosity of 60 fb~^ 
would give about 10 signal events versus less than 0.3 background events, with a corresponding 
signal significance at a 3-cr level. At 8 TeV, with same integrated luminosity, the corresponding 
significance drops to around 1.5 cr. 

In [11], the potential oi pp — > tqH was assessed through the hadronic H ^ bb decay, 
focussing on the quite challenging 3-6 and 4-6 signatures, and semileptonic t decay 

qb ^ tq'H -^ {iub)q'bb, q g ^ tq' H b ^ (i ub) q'bbb . (5) 

In the universal Cf hypothesis, it turns out that 50 fb~^ at 14 TeV could be sufficient to 
exclude the negative Cf range presently allowed by experimental fits, while at 8 TeV the same 
integrated luminosity would only partially exclude this possibility. On the other hand, after 
switching to a non- universal Ct scaling with Cb = Cc = Cr = 1, the reach of the H ^^ bb 
channel is enhanced in the region \Ct\ ^ 1, because of the corresponding relative increase in 
the H ~^bb width. 

The aim of the present analysis is to extend our previous study of the qb ^ t q'H channel 
in [To] in order to assess its potential for the exclusion of a non-standard Yukawa sign with the 
statistics presently accumulated at 7 TeV and 8 TeV at the LHC. We present a parton-level 
analysis including the most robust signatures, corresponding to either photon pairs or more 
than one lepton in the final states, for which the rate suppression by the corresponding Higgs 
decay BR is expected to be compensated by a better signal-to-background ratio S/ B. The 
latter signatures are associated to the decays 

/J ^ 77 , H ^ WW* -^ Ivdv, Iv qq , H ^ tt ^ Ivv I'vv, tvv + had{s) , (6) 



^A change in the sign of the latter couphngs would be nevertheless ineffective in this case. 

^In both cases, loop-induced processes are assumed to scale according to the SM loop structure. 



which, in the C/ ^ case, are expected to be statistically relevant in the qh -^ t q'H production 
with the present LHC data set. In particular, on the one hand, we complement the if — )■ 77 
analysis for a hadronic top decay [cf. Eq. Q] carried out in [10] with the one with a semi- 
leptonic top decay, requiring two photons plus a charged lepton in the final state 

qb^ tq H ^ {iiyb)q'-f-f. (7) 

On the other hand, we consider now also: i) the three-lepton signature arising from the semi- 
leptonic top decay combined with the decays H — )■ WW* — )■ iui'u, and H —¥ tt ^ £i>i>i'i>i>, 
and ii) the two-same-sign-lepton signature arising from the semi-leptonic top plus the decays 
H -)■ WW* -)■ lui'iy, iuqq', and H -^ tt ^ iupl'i/i', ivy + had{s) , leading to the following 
final states 

qb ^ tq'H ^ {£ub)q'ii' + u's, qb ^ tq' H ^ {i ub) q' i + u's + X^ , (8) 

where Xh is made of further hadronic states either from the W or the r hadronic decays. In 
the present analysis, we closely follow the approach in [10], and estimate the corresponding 
main irreducible backgrounds at parton level, requiring the tagging of a 6-jet in the final state 
(arising from the top decay), plus a forward light jetQ 

We will show that, using the present LHC statistics, the H — )■ 'yj,WW*,TT decays in 
pp — )■ tqH have a strong potential to exclude in a direct way most of the Cf ^ region 
in the {Cy, Cf) plane which is allowed by the present ATLAS and CMS Higgs-coupling fits. 
Remarkably, the exclusion power of the photon-pair and multi-lepton signatures (excluding the 
H ^- TT component) turns out to be sizably complementary to the more challenging H -^ bb 
decay, the corresponding rates being enhanced when |C{,| ^ 1, where the H ^ bb signal rates 
are depleted. 

The plan of the paper is the following. In Section 2, we detail the (Cy, Cf) dependence 
of the pp — )■ tqH production cross sections, and the corresponding signal event rates for the 
H — 7- 'j'j,WW*,TT decays. In Section 3, we describe the relevant irreducible backgrounds 
and selection cuts for the processes in Eqs.([7]) and ([s]), and recall the relevant results of our 
previous study for Eq.(|4|. For a data set of 50 fb~\ we present for each signature the event 
numbers (S) for signals in different channels versus Ct = 0, ±1 (and Cy = 1), the background 
event numbers (B), and the corresponding expected significance. In Section 4, we combine our 
findings, and show the expected exclusion regions in the {Cy, Cf) plane, both in the universal 
Yukawa scaling assumption, and in the hypothesis of Ct scaling with Cf^t = 1- In Section 5, 
we draw our conclusions. 



2 Signal production rates versus Cy and Cf 

In this section, we present the pp -^ tqH cross-section and BR{H — )■ 'J'j,WW*,tt) depen- 
dence on the Cf and Cy scaling factors through the corresponding enhancement factors Ri with 

^Reducible backgrounds are expected to be subdominant for the signatures considered here. 



respect to the SM predictions. In particular, we will detail the behavior of the quantities 



By combining the latter, we get the signal strength for the corresponding decay channel 

O" ■ BR^^y^y/,TT 

{a ■ BRjy^ww,TT 



J^cT-BRjj^ww,TT ( r>T3 \SM ' \^^) 



that will primarily affect the signal event number dependence on the Cf and Cy scaling factors. 
A further moderate coupling dependence will arise from the efficiencies of actual kinematic cuts 
in the final event selection (cf. Section 3). 

We will make two different assumptions for the Yukawa coupling variation : 

• Universal Yukawa rescaling, which assumes just one free parameter Cf = Ct describing 
all Yukawa couplings both in production and decay amplitudes. Varying the top-quark 
coupling Ct will then largely affect not only the production cross section, but also the 
Higgs branching ratios BR^^, BRy/w and BRrr- The main effect of the Cf variation on 
BR\Yyr will arise from the Higgs total width dependence on the Higgs couplings to the b 
quark and lighter fermions. On the other hand, in BR^^ there will be a further non-trivial 
dependence on Ct caused by the top-quark loop that in the SM interferes destructively 
with the W loop in the iif — )■ 77 amplitude. 

• Free Ct and Cf-Lt = 1, with Ct affecting mainly the production cross sections and the 
if — )■ 77 width, while leaving almost unaltered BRy/w and BR^-t-. 

In the following, all numerical cross sections will refer to the hadronic pp collisions (even 
when the partonic initial state is shown). The production rates at leading order have been 
computed via the MADGRAPH5 (vl.3.33) software package j20|, and the CTEQ6L1 parton 
distribution functions [21j. Both the factorization and renormalization scales are set at the value 
Q = ^{mH + mt) for the pp ^ tqH signal, where rrit is the top-quark mass. The other relevant 
parameters entering our computation are set as follows [H |2l |22l |23] : mn = 125 GeV, rrit = 
173.2 GeV, Mz = 91.188 GeV, Mw = 80.419 GeV, m^ = 4.7 GeV, and asiMz) = 0.118 . 

The BRyy, BRww and BRrr values versus the Cf and Cy scaling factors have been obtained 
through an original code we have built up, containing all the leading corrections (including off- 
shellness effects for both W's in the decay H — )■ iy*W^*)[^ 

For reference, the SM pp — )■ tqH cross section (summing up contributions from the two 
charge-conjugated channels)|j is 

a{qb^tq'H)^^^ ~ 15.2 fb at ^s = 8 TeV , (11) 



^We checked that its results for the SM case match the HDECAY |24j predictions within a few per-cent. 

^The contribution to the pp —>■ tqH cross section of the amphtude where the Higgs is radiated by the initial 
6-quark line is small (at the per-mil level in the Ct range relevant here), and will be neglected in the present 
analysis. 
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Figure 2: Enhancement factors Ri versus Ct, normalized to the SM, for the branching ratios BRry^, 



BRy/Wi and BRtt (left), and the corresponding signal strengths as defined in Eq. (10) (right), for 
\/S = 8 TeV, and for the universal scaling scenario Cj = Ct- Dashed lines in the right plots correspond 
to the pp — )• tqH total cross section a normalized to the SM one. Plots from top to bottom correspond 
to Cv = 1,0.7, 1.3, respectively. 
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Figure 3: Same as in Figure [2l but for the Ct scaling scenario with Cf^t = 1- 



and the SM Higgs branching ratios BR.yy, BRy/w and BRrr, that are relevant in the following, 
are 

BR^^' ~ 2.30 ■ 10-3 , BR^ ~ 0.209 , BRf^ ~ 6.55 • lO'^ . (12) 

Note that, for Cy = 1, the total Higgs width Th drops, for vanishing Ct, from its SM value 
TniCt = ±1) ~ 4.04 MeV to TniCt = 0) ~ 0.955 MeV, assuming a universal scaling in Cf. 



In Figure [2] we show (for the three values Cy = 1,0.7, 1.3, from top to bottom) the depen- 
dence on Ct of the enhancement factors Ri , as defined in Eq. ( [9|, for BR^^, BRww-, BR^ 



(left), and the corresponding signal strengths, as defined in Eq. (10), at y/s = 8 TeV (right). 
The red, blu, black lines refer to the i7 — )■ 77 , WW*, tt channels respectively. Plots in Fig- 
ure [2] correspond to the universal scaling scenario Cf = Ct. In Figure [31 we show the same plots 
as in Figure [2I but for the Ct scaling scenario with C/^t = 1. In the right plots of Figures [2] and 
|3} we also show the corresponding enhancement for the basic pp — ?■ tqH total cross section 
(dashed-dot lines) normalized to the SM, versus Cj. 

Throughout the paper, we focus on the range 

-1.5 <Ct< 1.5 , (13) 

where the Ct dependence is more critical, and the most favored regions of the LHC fits lie [HE]. 
In the universal scaling scenario (cf. Figures [2| left), the Rbr^^ and Rbrww behavior is clearly- 
driven by the F^^ reduction for |C/| — )• 0, with asymmetric corrections due to interference effects 
enhancing Rbr^^ for negative Cj. 

In the Cf^t = 1 scenario (cf. Figures |3| left), Rbr^^ and RbRww ^^^ definitely less sensitive to 
Ct, with the dominant effect deriving from the positive interference effects in Rbr^^ for Ct < 0. 
An even more dramatic enhancement for negative Ct is present in the pp — )■ tqH production 
cross section. When combined with the Rbr^^ and Rrrww behavior for universal Cf scaling 
(cf. Figures |2| right), the latter tends to level up the dependence on Ct of the corresponding 
signal strengths in the negative Ct region. 

On the other hand, in the Cf^t = 1 scenario, the signal strengths follows a (less involved) 
monotonic behavior. 

The parameter dependence just shown will be crucial in the following analysis to understand 
the exclusion potential of the pp -^ tqH process in the {Cy, Cf) plane. 



3 Single top quark and Higgs boson production 

In [TU], we estimated the sensitivity to an anomalous pp — )■ tqH production focussing on 
the events where the Higgs boson decays to photons, and the top quark decays hadronically. 
The study was based on an integrated luminosity of 60 fb^^ at either 8 TeV and 14 TeV. Here 
the same estimate is repeated for the approximate 50 fb"^ collected by the ATLAS and CMS 
experiments in the 7 and 8 TeV LHC runs (in particular ~ 5fb-^ at 7 TeV plus ~ 20 fb"^ at 
8 TeV, for each experiment). Different Higgs-boson and top-quark decays will be analyzed in 

8 



several non-overlapping final states. The sensitivity of all independent decay channels of the 
final state pp -^ tqH will be thus assessed separately. 



3.1 H ^-f-f 

Here, we first update our previous sensitivity estimate on the basis of the total luminosity 
collected so far in the 7 and 8 TeV LHC runs. In addition, we analyze for the first time the 
sensitivity of the final state where t — ?■ 6 iu. Throughout the paper, a lepton i is assumed to 
be either an electron or a muon. 



3.1.1 Final state with a hadronically decaying top quark 

The hadronic top quark decays allow the full reconstruction of the event kinematics. Combina- 
torics in the jet-to-parton assignment is greatly reduced by the usage of 6-tagging algorithms, 
and by the requirement that the most forward jet be the one not emerging from the top quark 
decay. The irreducible SM backgrounds include top and multi-jet final states, all accompanied 
by two high-pT photons, 

• pp —^ 2^ + t + j; 

• pp ^ H{-^ -i^i) + ti; 

• pp ^ 2'y + it; 

• pp^2'y + b + 3j. 

We include also the top-pair and Higgs associated production pp — )■ tiH as a relevant back- 
ground in all channels, taking into account the Hti coupling dependence for consistency (no- 
tably giving a null contribution to the background in the Ct = case). It is assumed a 6-jet 
identification efficiency of 60%, hence minimizing the contamination from light quarks misiden- 
tified as 6— jets in the detector. We retain only the events passing the following selection criteria 
on the transverse momentum px and pseudo rapidity rj of the final state particles: 

p:^^>40GeV, p??>30GeV, p^^^ > 25 GeV, \r]^,b\ < 2.5, l^^^l < 4.5. (14) 

The above cuts reflect the requirement imposed by the ATLAS and CMS di-photon triggers, 
and flducial regions of the detectors for the flnal state objects. 

In all our analysis, we use the following general isolation requirement for any pair of objects 
in the flnal state 



AR,, = ^Ar^l^+A<Pl>OA, (15) 

with i and j running over all the flnal particles and jets (including 6-jets), Arj being the rapidity 
gap, and A0 the azimuthal-angle gap between any particle pair. 

9 



For the present channel, the highest rapidity hght-jet in the final state is required to have 
\ri\ > 2.5 and pt > 30 GeV. For all other final states this condition will be somewhat relaxed, 
thanks to the presence of more characterized final states with extra charged leptons. 
As in our previous study, we require the top quark to be fully reconstructed in the hadronic 
mode, with the invariant mass of the remaining 3-jets system (out of which one is a 6-jet) 
peaking at the top quark mass, within a mass window consistent with the ATLAS and CMS 
jet energy resolution, i.e. 20 GeV. Then, the invariant mass of the two light jets contributing 
to the top quark invariant mass, is required to peak at the W mass within a mass window of 15 
GeV. Finally, the invariant mass of the di-photon system is imposed to reconstruct the Higgs 
mass centered at 125 GeV within a mass resolution of ±3 GeV. 



v/s = 8 TeV (50 fb"!) 


Signal (S) 


Background (B) 


Cut 


Ct = -l 


Ct = Q 


Ct = l 


2jtj 


27 tt 


tiH 


27 63i 


Total 


27 + 6+(>3i) 


6.4 


5.1 


0.18 


8.2 


9.2 


1.6 


249 


268 


\7]j^\ >2.5&pT,^ > 30 GeV 


3.0 


2.5 


0.08 


3.3 


0.32 


0.06 


22 


26 


\Mbjj-mt\ <20 GeV 


3.0 


2.4 


0.08 


2.8 


0.20 


0.02 


4.5 


7.5 


|M^-^-(t„p) -Mw\<l5 GeV 


2.8 


2.3 


0.07 


3.2 


0.19 


0.02 


1.8 


5.2 


\M^j -itihI < 3 GeV 


2.8 


2.3 


0.07 


0.12 


0.02 


0.02 


0.57 


0.73 


S/VS + B 


1.5 


1.3 


0.08 













Table 1: Number of events passing sequential cuts for the signal pp -^tqH^-tqjj and irreducible 
SM backgrounds at y/s = 8 TeV, with integrated luminosity of 50 fb^^ , assuming Cf = Ct- Results 
correspond to mn = 125 GeV. An estimate of the sensitivity of this channel to the signal, given 
by the significance S/\/S + B, is shown in the lowest row. The total number of background events 
corresponds to the case Ct = 1. The contribution of tiH to the SM background has been set to zero in 
the evaluation of S/\/S + B at Ct = 0. 

The results of the above selection procedure are shown in Table [T] for tuh = 125 GeV, 
y/s = 8 TeV, and integrated luminosity of 50 fb~^. The numbers of events passing the sequential 
cuts defined above are reported for the pp — )■ tqH — )■ tg77 signal with hadronic top decay, 
for different Ct = ±1,0 values (assuming Cf = Ct in BR^^), and for the main irreducible 
backgrounds. The first row refers to the total number of events that pass the photon- and 
jet-tagging definition. The last column shows the total number of background events. As 
anticipated, we include in our analysis of the relevant backgrounds the tiH final state, for all 
the Higgs decay channels considered. This will give rise to a mild dependence on Ct of the total 
background rates in the range of Ct values considered here. The results explicitly shown in the 
Tables 1-4 for different channels is the total number of tiH background events corresponding 
to Ct = ±1. However, in the evaluation of the significance at C^ 7^ 1, we consistently tune the 
tiH event rates in the total background. 

From these results, we can see the efficiency of the different cuts applied to enhance the 
signal-to-background ratio. In particular, the signal rate is mainly affected by the forward-jet 
tag requirement, with a corresponding reduction of roughly a factor 2, and it passes almost 
unaltered the remaining cuts. The largest contribution to the background comes from the 
27 -|- 6 -|- 3j non-resonant final state. This is considerably affected by both the forward-jet 
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cut and the top- and Higgs-resonance requirements. The next background for relevance is the 
single-top production 2'y + t + j, while the top-pair channels 2'j + it and -&(—)■ 27) + tt 
contributes to the total rate of background events Btot negligibly. Finally, in the bottom row 
of Table [T| we report an estimate of the sensitivity of this channel to an anomalous Ct value, 
given by the significance defined as S/\/S + B, for Ct = —1, 0, 1. 



3.1.2 Final state with a leptonically decaying top quark 



We now consider the pp 
leptonically t — )■ biu, and 



tqH — )■ tq'j'j process, in events where the top quark decays 
: e, fi. The irreducible backgrounds are given by the processes 



pp-^2-f + t + j; 
pp -> H{-^ 77) + ti; 
pp — 7- 2 7 + 1 1; 

pp^2j + W + b+j. 



In addition to the isolation criteria in Eq.(15), the following selection cuts have been applied 
on the final state particles: 

pj > 20 GeV, pi^ > 20 GeV, p^^'* > 25 GeV, \r]^^i^b\ < 2.5, It^^I < 4.5. (16) 

Here, the looser cuts on the photon transverse momentum p^ are allowed by the addition of a 
single-lepton trigger. The most forward jet jp is required to have a pseudo-rapidity of at least 
1.5. As the dominant backgrounds also feature leptonically decaying top quarks, we do not 



v^ = 8 TeV (50 fb-i) 


Signal (S) 


Background (B) 


Cut 


Ct = -1 


Ct = 


Ct = l 


27 tj 


27 tt 


tiH 


2-iWhj 


Total 


2j + £ + b{>,i) 

\M^^ -tuhI < 3 GeV 

\r]j^\ > 1.5 


3.01 
3.01 

2.54 


2.35 
2.35 
2.01 


0.08 
0.08 
0.06 


7.0 
0.16 
0.12 


6.5 
0.18 
0.04 


0.8 
0.77 
0.15 


5.0 
0.09 
0.03 


19.3 
1.20 
0.34 


S/VS + B 


1.5 


1.4 


0.09 













Table 2: Same as in Table\ljfor the signal pp -^ tqH 
for the top quark decaying leptonically. 



t q "f"f, and irreducible SM backgrounds, but 



attempt for a partial top-quark reconstruction. 

In Table [2| we show our results for the event yields for the signal and the irreducible 
backgrounds, for the representative Ct = —1, 0, 1 values. From the latter results, it can be seen 
that, by using as simple figure of merit S/\/S + B, the sensitivity that can be achieved in these 
class of events is comparable to the one where the top quark decays hadronically. 
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3.2 H -^ WW* and H ^ tt 

Several combinations of number and charge of leptons are available in the pp ^ tqH-^ 
bWqWW, bWq tt final states. We will narrow our study to the ones that are of larger potential 
in terms both of sensitivity to a signal, and in robustness against poorly known backgrounds, 
i.e. events where at least two W/t decay leptonically. As BR{H — t- tt) is approximately a fac- 
tor 3 smaller than BR{H — )■ lypF*), in the SM, and the r branching ratio in electrons/muons 
is larger than BR{W — )■ e{fi) z/), the final states with multi leptons will in general be sensitive 
to a mixture of W and r. 



3.2.1 Final state with three charged leptons 

The final state in this case is 3i + b + j (with i = e or fi). Two of the three leptons have 
their origin from the decays of two W's or r's coming from the Higgs decay, and the additional 
prompt lepton comes from the top semileptonic decay. The irreducible backgrounds which 
contribute to this final state are: 

• pp ^ti+W; 

• pp —^ ti + Z; 

• pp ^ ti + H; 

• pp ^t + WW + j; 

• pp ^t + WZ + j; 

• pp -> b + WZ + j; 

• pp^b + WWZ . 

We impose the following event selection criteria 

Ne = 3 p^>20GeV, p^^'^^ > 20 GeV |%fc| < 2.5, |r/j| < 4.5 , (17) 

which has a large acceptance to the signal, while keeping large rejection for the above back- 
grounds. Similarly to the other channels investigated, all final state particles are required to 



be sufficiently isolated by imposing the isolation criteria in Eq.(15). A rapidity cut |?7| > 1.5 
on the forward jet has also been applied. 

In connection to differences in the backgrounds, it is useful to discriminate among two 
different sets of tri-lepton signatures, depending on the combination of charges and flavors of 
the leptons. In particular: 

• e^e^/z^ and /i^/i^e^ signatures, where out of three leptons, two leptons have the same 
charge and same flavor, while the third one has opposite charge and different flavor. This 
final state is defined here as tf(.ftj + 6 + jets (with i ^^ j). 
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The complementary signature to the above 3-lepton one, defined as ^f^f^J + b + jets. 



y/s = 8 TeV (50 fb-i) 


Signal (S) 


Background (B) 


Cut 


Ct = -l 


Ct = 


Ct = l 


ttw 


ttz 


ttH 


tWW] 


Total 


Vf\ > 1.5 


0.96 
0.81 


0.81 
0.70 


0.06 
0.05 


3.69 
0.64 


0.14 


1.07 
0.18 


0.04 
0.01 


AM 
0.83 


S/VS + B 


0.63 


0.57 


0.05 






Signal (S) 


Backgrounds (B) 


Ct = -l 


a = o 


Ct = l 


ttw 


ttz 


ttH 


tWWj 


Total 


(■tqqhq 

r/f 1 > 1.5 

M^+^- i [86.2, 96.2] GeV 


3.11 

2.72 
2.16 


2.58 
2.22 
1.76 


0.18 
0.14 
0.11 


12.2 

2.6 

2.0 


43.5 
11.0 
0.2 


3.3 

0.6 

0.4 


0.2 
0.1 


59.2 
14.3 
2.6 


S/^S + B 


0.99 


0.88 


0.07 













Table 3: Same as in Table [l| but for the signal pp —^tqH, with H — )■ ^u{v)i,v{y) and t — )■ 6£z/, 
and corresponding irreducible backgrounds. 

A large fraction of the background is characterized by the emission of a Z vector boson in 
place of the Higgs boson. Then, in order to suppress the latter backgrounds, the invariant mass 
of two opposite-sign (same-fiavor) leptons is required to be Mi+i- ^ [86.2,96.2]. 

In Table [3} we show our results for the event yields, under three different Ct assumptions, 
and the corresponding background yields. The extra background contribution coming from 
tWZ, bWZj, bWWZ processes, arising in events where the opposite sign leptons share the 
same flavor, is effectively suppressed to a negligible level once the Z mass veto is applied. The 
relative contribution oi pp — )■ tqH with H — )■ WW* and if —)■ rr to the tri-lepton signal is 
approximately 2 to 1. 



3.2.2 Final state with two same-sign leptons 

The flnal state in this case is £^£^bqqq (with £ = e or /i). In order to achieve the same-sign 
dilepton production, one of the charged leptons must arise from the top decay, while the other 
from the leptonic decay of the W{ot t) that shares the sign with the W coming from the top 
quark. The main backgrounds in this channel are, in order of importance: 

• pp ^ti+W; 

• pp ^ ti + Z] 

• pp -^ ti + H] 

• pp ->t + WW + j; 

• pp ^ t + W + jjj. 
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The possible acceptance of the adopted event selection to the bWWSj and bbWW2j final states 
has been investigated, and found to be negligible once normalized to the 50fb~^ of integrated 
luminosity at 8 TeV collisions. 

The following event selection has been adopted, according to present experimental analysis 
in the same-sign dilepton final state ^25] 



Nf 



p^T > 20 GeV, 



p^S'^^ > 20 GeV 



|%fe|<2.5, \r]j\<4:.5, 



;i8) 



with the requirement that the two charged leptons are either both positively or both negatively 
charged. A rapidity cut \ri\ > 1.5 on the forward jet has been applied. The corresponding 
results for the signal and background events are reported in Table |4j 



y^ = 8TeV(50fb-i) 


Signal (S) 


Backgrounds (B) 


Cut 


Ct = -l 


Ci = 


Ct = l 


ttw 


ttz 


ttH 


tWWj 


tW?,] 


Total 


e^e^bqqq 

\r]f > 1.5 GeV 


7.8 
6.6 


6.3 

5.4 


0.53 
0.42 


45.1 
11.3 


3.7 
0.6 


8.4 
1.8 


0.5 
0.2 


0.3 
0.1 


57.9 
13.9 


S/VS + B 


1.5 


1.3 


0.11 















Table 4: Same as in Table [TJ for the signal and corresponding irreducible background numbers 
of events, but for final states with two same-sign leptons. 



The relative weight oi H ^ WW* and H ^ tt contributions to the pp ^ tqH final state 
is again approximately 2 to 1. 



4 Sensitivity to anomalous Yukawa couplings 



After assessing the sensitivity to an anomalous single-top plus Higgs production in different final 
states, we proceed to study their combined potential, and the implications on the parameter 
space of the Higgs couplings in the two scenarios highlighted in Section 2. We thus combine 
the five channels discussed in Section 3, i.e. events with if — )■ 77 and top decaying either 
leptonically or hadronically, the two trilepton final states (i.e. the set with same-sign same- 
fiavor lepton pairs, and the complementary set), and the same-sign dilepton final states, the 
latter three channels being simultaneously sensitive to if — )• WW* and H — )■ tt. As previously, 
we exploit the full LHC luminosity collected at 7 and 8 TeV by ATLAS and CMS. 



Table pi presents a summary of the signal event numbers (S*), background event numbers 
{B), and corresponding significances S/\/S + B, for the five channels considered, versus Ct (for 
the values Ct = —1.5,-1,0,0.3) in the universal scaling scenario (C/ = Ct), with Cy — 1. 
It is straightforward to see that the signal-rate (and corresponding significance) profile for 
each channel closely follows the signal-strength behavior in Figure 2. The latter leads to a 
roughly constant magnitude for both signal rates and significances for Ct ^ 0. The dominant 
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contributions come from the two 77 channels (with comparable strength), and the two same- 
sign lepton channel, each contributing by a 1.5-0" significance at Ct ~ — 1 (the latter channel 
having larger event numbers which are compensated by higher background rates). Note that 
in the multi-lepton components, the H — )■ WW* contribution would provide a comparatively 
good signal rate closer to the C( ~ region with respect to the 77 channels (cf. Figure 2). 
The latter behavior is actually compensated by the H ^ tt component of the multi-lepton 
channels (giving on average 30% of the total multi-lepton rates), which rapidly drops for Ct -^ 0. 
Altogether, the total significance approaches the 3-cr level in all the Ct ^ region, for Cy — 1 
(as shown in the last column of Table [sl). 





Channels 


Total 


Process 


-f-fbqqq' 


'j'-fbiq' 


ififipq' ififijbq' 


i^i^bqqq' 




Ct = -1.5 






S 
B 


2.6 

0.78 

1.4 


2.4 
0.69 

1.4 


0.91 
0.86 
0.68 


2.4 
2.7 
1.1 


3.6 

14.3 
0.85 


11.9 
19.3 
2.5 


S/VS + B 


Ct = -1 






s 

B 


2.8 
0.76 

1.5 


2.5 
0.56 

1.4 


0.81 
0.83 
0.63 


2.2 
2.6 
1.0 


6.6 
14.0 
1.5 


14.9 
18.8 
2.8 


S/y/S + B 


Ct = 






s 

B 


2.3 

0.71 

1.3 


2.0 
0.19 

1.4 


0.70 
0.65 
0.60 


1.8 

2.2 

0.90 


5.4 
12.2 
1.3 


12.2 
15.9 
2.5 


S/y/S + B 


Ct = 0.3 






5* 
B 


1.0 
0.72 
0.76 


0.80 
0.25 
0.78 


0.33 
0.70 
0.33 


0.84 
2.3 
0.47 


2.5 

12.7 

0.64 


5.5 

16.7 

1.4 


S/VS + B 



Table 5: Event rates (5) for the signal pp — )■ tqH, for different Ct values and Cf = Ct (at 
Cv — 1), in the five different final states corresponding to the decays H — )■ 77, WW*, tt, with 
integrated luminosity of 50 fb^^ at 8 TeV. The corresponding background rates {B) and related 
significances are also detailed. The total significance (last column) is obtained by summing up 
in quadrature individual significances. 



The five different channels are statistically independent by construction. No systematic 
uncertainties are estimated for the time being. Then, we obtained the 95% confidence-level 
(CL.) upper limits on an anomalous cross section for pp -^ tq H hj building a likelihood that 
is the product of the likelihoods for all channels. We report the results of our analysis in the 
{Cv, Cf) plane, in the two hypotheses where either a universal rescaling of the Higgs couplings 
to fermions is assumed {Cf = Ct), or Ct is a free parameter, and the remaining scaling factors 
are fixed to their SM value {Cf^t = !)• Figure |4] shows the exclusion contour in these two 
assumptions, along with the regions currently favored by the fits to present Higgs data in the 
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0.8 



1.2 



1.4 



Figure 4: The left plot shows the {Cy, Cj) plane with the currently allowed parameter regions 
by the ATLAS (dark shaded oval) and CMS (light shaded oval) experiments [H E], in the 
universal Cf scaling assumption. The red dashed area corresponds to the 95% C.L. exclusion 
contours that can be achieved by searching for anomalous pp — )■ tqH production with H — )■ 
77, WW*, TT, in 50fb~^ of LHC data at 8 TeV. The right plot shows the 95% exclusion contour 
for a free Ct with C/^t = 1. Negative-sign regions for the Cf scaling factor can be excluded in 
both scenarios. 



universal scaling scenario [H |5]. In both scenarios, the potential of the combination of the 
five channels considered here for the exclusion of the Ct ^ region is quite remarkable. In 
particular, in the universal Cf scaling scenario, one can completely cover at this stage all the 
negative Cf space compatible with global fits. 

It is also interesting to note a partial complementarity with the potential of the H ^ bb 
channel, performed in [11]. In the universal rescaling hypothesis, the main sensitivity in the 
region \Ct\ ^ 1 comes from the decays of the Higgs into bosons, as of the branching ratios of 
the Higgs to fermions (notably BRhb) is depleted. 

Conversely, assuming Cf^t = 1? there is no large enhancement in the branching ratio of the 
Higgs to WW*,TT (and only a moderate increase in the if — > 77 rate, cf. Figure 3), thus 
resulting in lower sensitivities. In both scenarios, the negative minimum lies well within the 
contours of the excluded region. 

The parton level analysis performed here thus shows that studying the pp -^ tqH production 
in bosonic Higgs decays is the most sensitive approach for constraining an anomalous top-Higgs 
Yukawa coupling in the negative Cf region. 



16 



5 Conclusions 

The sensitivity to an anomalous top Yukawa couplings of the single top and Higgs associated 
production pp — )• tqH has been assessed with the Higgs and the top quark decaying to the 
most robust final states (that is either resonant photon pairs or multi-lepton final states) for a 
luminosity of 50 fb~^ at 8 TeV collisions, roughly corresponding to the present data set collected 
by the ATLAS and CMS experiments. In particular, we extended our previous study in [TU] by 
both complementing the if — )■ 77 analysis made for a hadronic top decay with a semi-leptonic 
top decay, and including multi-lepton final states originating by a Higgs decaying into WW* and 
TT pairs . Correspondingly, apart from the two-photon channels, we analyzed the three-lepton 
and two-same-sign-lepton signatures arising from the leptonic and semi-leptonic Higgs decay 
modes through WW* and tt pairs combined with the semi-leptonic top decays. We presented a 
parton-level analysis, and assumed the dominance of the corresponding irreducible backgrounds, 
which, for multi-photon and multi-lepton final states, should be a reliable hypothesis. 

Remarkably, we find that combining the aforementioned multiple final states, on the basis 
of the 50 fb~^ statistics already collected at 7 and 8 TeV collisions, an excess in the pp — )• tqH 
cross section could signal the presence of an anomalous top- Yukawa coupling with fiipped sign 
with respect to the SM value. In the universal scaling hypothesis for the Yukawa sector, the non 
observation of such an excess could anyhow exclude at 95% of C.L. the reversed-sign region, 
in the (Cy, Cf) plane presently allowed by the combination of all Higgs measurements in other 
channels jH |5]. In a scenario where the anomalous behavior is restricted to the top quark, the 
pp — )■ tqH can still exclude values Ct ^ —0.2 for Cy — 1. The potential of the considered 
signatures shows some complementarity with the pp — > tqH potential in the H ^ bb channel, 
but is in general stronger than the latter. 

We then urge the ATLAS and CMS collaborations to perform our analysis in a more realistic 
environment, in order to either confirm or exclude the negative-sign region of the top Yukawa 
scaling factor, which is presently allowed by the ATLAS and CMS Higgs-couphng fits. 
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